The dynamic dough density system, which simulates growth during proving of bread dough, was refi ned to enhance the accuracy and reproducibility of the technique. The system was then used to quantify the expansion capacity of doughs, as indicated by the minimum density achieved by a proving dough piece, in three different scales of geometrically similar laboratory dough mixers. The effects of bran level on dough expansion and baked loaf characteristics were investigated. Dynamic dough density measurements showed no difference in expansion capacity during proving from doughs mixed in the three scales of mixer. Bran at 7.5% fl our substitution had no signifi cant effect on the minimum density, but decreased loaf volumes compared with no bran. Addition of bran at 15% substitution decreased loaf volume further and also decreased the maximum expansion during proving, indicating that at this level bran exerts at least part of its effect in reducing loaf volumes during the proving stage of the breadmaking process. Baking scores were comparable for loaves baked from doughs mixed in the two larger scales of mixer, while specifi c loaf volume decreased as mixer scale decreased.
The dynamic dough density (DDD) technique introduced by Campbell et al. (2001) , and described in further detail by Chiotellis and Campbell (2003b) , allows the changing density of a fermenting dough piece to be monitored continuously, thereby indicating the rate of mass transfer of carbon dioxide gas into bubbles. By allowing the sample to continue to grow beyond the times reported by Campbell et al. (2001) , the maximum capacity of the dough to expand and retain gas can also be quantified as the minimum density achieved. The minimum density is attained when the carbon dioxide gas is lost from the system at the same rate that it is produced by the yeast. Gas is lost through diffusion from the surface of the growing dough piece and through rupture of stretched gluten membranes. Different dough ingredients can potentially affect the rate of loss of gas by affecting either or both of these mechanisms. Some ingredients may exert their influence principally during the proving stage of breadmaking, while others only affect the dough gas retention capacity during baking. The DDD system allows the effect of the former group of dough components to be identified and monitored. However previous work has not extended the technique to identify the point of minimum density.
Bran is one of many ingredients that can be added to dough formulations, and an important one from the perspective of manufacturing healthy bakery goods. The addition of bran to dough formulations does not decrease the gassing power of the dough, but decreases gas retention Sosulski and Wu, 1988) . Depending on the nature of the bran, the dough formulation and the breadmaking system, at least some of this effect is likely to occur during proving, such that the ability of the dough to retain gas during proving is compromised. The DDD technique can potentially throw light on the action of bran during breadmaking; this paper reports some preliminary investigations into the potential of the refined technique for studying bran effects.
Most research investigations of breadmaking systems, dough formulations and suchlike are carried out in laboratory-scale mixers, but few studies of the effects of mixer scale-up have been reported (Martin et al., 2004) , in part because few bakery research laboratories have access to several scales of geometrically similar mixers. Several research laboratories have scaled down the breadmaking process, to allow studies when only small amounts of sample are available, using, for example, thimbles to bake loaves (Gras and Békés, 1996; Békés and Wrigley, 2002) . Bran particle size is an important factor affecting its functionality in breadmaking (Shetlar and Lyman, 1944; Pomeranz et al., 1977; Moore, 1997, 1999; de Kock et al., 1999) , but these small loaves have length scales only a few times the dimension of a typical bran particle, such that conclusions drawn from them may not scale well. The current work therefore took the opportunity to investigate the effects of scale in three geometrically similar laboratory scale MDD mixers with respect to the consequences of bran addition.
The objectives of the current work were: to refine the DDD system to improve accuracy and assess reproducibility; to use the system to investigate the bubble growth dynamics of doughs mixed in three scales of mixer and relate these to baked loaves; and to investigate the effect of bran on dough expansion and on baked loaves from three scales of mixer.
Materials and Methods

Dough preparation
Doughs were prepared in three scales of mechanical dough development mixer, based on 10, 50 and 125 g of flour, respectively. The MDD125 mixer has been described previously by Wilson et al. (1997 Wilson et al. ( , 2001 , and comprises a bowl containing two vertically mounted and counter-rotating flatbladed paddles, 58 mm in diameter, rotating at 138 rpm and with a close clearance with the walls of the bowl. The MDD50 and MDD10 mixers are scaled-down versions of the 125 g mixer, with paddles of 44 and 23 mm, rotating at 130 and 140 rpm, respectively. The recipe consisted of (flour + bran) 100%; water (variable); yeast 3% for baking trials, 6% for DDD trials; salt 2%; WRIfat 1.2% (comprising 20% SSL, 15% DATEM, 20% enzyme-active soya flour and the remainder flour and anticaking agent); sugar 0.75%; bromate 50 ppm; ascorbic acid 100 ppm. The flour was Crop & The optimum work input requirements and water absorption were determined in the 125 g mixer (according to C&FR's in-house method B7) for each bran level and used in all three mixers. For baking trials, the entire dough from each mix was recovered and baked according to C&FR's standard in-house methods (these vary slightly for the different scales of mixer because the smaller loaves heat or cool more rapidly). For the 125 g mixer, doughs were given 10 minutes first proof at 32°C, moulded through a Mono bench top moulder, given a final proof for 45 minutes at 40°C and 80-90% relative humidity, and baked at 220°C for 25 mins. For the 50 g mixer, first proof was for 8 minutes, after which doughs were moulded in a Hunt's bun moulder, and after 45 minutes final proof were baked at 208°C. For the 10 g mixer, loaves were prepared as described by Wooding (1997) . First proof was for 8 minutes at 39.5°C. The dough was then sheeted through a domestic pastry sheeter with a roll gap of 2.5 mm and rolled manually under a pressure board with a gap of 13 mm. The dough was placed in a baking pan and given a second proof for 8 minutes at 39.5°C, to recover from cooling during the sheeting and moulding process, before final proof at 40°C for 22 minutes and baking at 208°C for 13 minutes. Baked loaves were cooled overnight and weight and volume measured the following day (by rapeseed displacement for the loaves from the MDD125 and MDD50, and by displacement of 0.4 mm glass beads for the MDD10 loaves), and texture evaluated on a 1-11 scale by an experienced baker. The baking score was calculated for the loaves from the two larger mixers as (arbitrary loaf volume score + texture score), where arbitrary loaf volume was calculated as (volume in cm 3 -x)/y, where x was 540 and 230, and y was 18 and 5.7, for loaves from the MDD125 and MDD50, respectively. (Arbitrary loaf volume is simply an expedient way of converting loaf volume to a numerical score of comparable magnitude to the texture score, such that the two added together give a single quantitative measure of loaf quality that combines attributes of both volume and texture. A corresponding equation for calculating the arbitrary loaf volume appropriate for loaves from the MDD10 was not available.)
Dynamic dough density
The DDD system was based on a double cup as described by Campbell et al. (2001) and Chiotellis and Campbell (2003b) , in which a dough sample was initially weighed in air and then immersed in xylene and weighed again. From the difference in weights the density at time t, ρ(t), was calculated as:
where m air and m xylene are the recorded weights in air and immersed in xylene, respectively, and ρ xylene is the density of xylene (0.85 g cm −3 at 40°C). The xylene was maintained at 40°C by circulating water from a water bath through a jacketed beaker. An anti-float mesh was constructed to catch samples once they began to float; it was made slightly larger than the lower cup and was gently rounded to avoid excessive local strains on the sample. The system used a Mettler AE200 balance, accurate to 0.1 mg, to record the initial and immersed weights of the dough sample. A second system was built, to allow a greater number of samples to be processed within a day; this system used a less precise Mettler PB153-S balance accurate to 1 mg. Both systems were operated in a fume cupboard for safety. Unless otherwise stated, all reported measurements were made using the first system. Weights were logged every 10 s to a laptop computer using Labview 6.1 software (National Instruments, Austin, Texas, USA). All times are taken as the time from the end of mixing; typically it took about 2-3 minutes to retrieve a sample and begin monitoring its changing density. 
Optimisation of sampling protocol
Four sampling procedures were evaluated, using standard dough formulations without bran as described above. In the first, a sample of about 4-6 g in weight was cut from the dough piece using a sharp razor blade. In the second procedure, a sample of about 10 g was cut from the dough piece, rolled into a cylinder between two Perspex sheets held 13 mm apart, a section of about 5 g in weight cut from the middle of this, and this small section turned through 90° and again rolled to give a squat cylindrical shape. In the third procedure, the dough piece ex-mixer was gently sheeted, using a rolling pin and some rectangular Perspex rods, to a thickness of 12 mm, from which a sample was taken using a 21 mm diameter metal cookie cutter, and gently swirled in a spherical flask to strengthen the outer surface. In the fourth procedure, the dough piece ex-mixer was allowed to rest for 7 minutes at 32°C before sampling as described in Procedure 3.
Evaluation of accuracy and reproducibility
To evaluate the accuracy and reproducibility of the technique, doughs without bran were mixed in duplicate to different work inputs, and the dough density profile and minimum density recorded. To establish the effect of using twice the normal quantity of yeast, doughs without bran were mixed in duplicate with 3, 4.5 and 6% yeast on flour weight. To compare the two DDD systems, doughs were mixed with 0, 7.5 and 15% bran substitution and duplicate samples from the same dough run in parallel through the two systems.
Effects of mixer scale and bran level on dough expansion capacity and baked loaf specific volumes
Dough formulations with 0, 7.5 and 15% bran substitution were mixed in duplicate in each mixer, with double the normal yeast quantity, and sampled for DDD measurements. Separate doughs for baking trials were also mixed in duplicate in each mixer, with the normal yeast level (3% on flour weight). All trials, both the DDD and the baking trials, were performed in a random order within a single day. For the DDD trials, both systems were used, with the samples for each experimental condition run in a random order through one system and independently in the reverse order through the other.
Presoaking of bran affects water absorption and baked loaf volume, due to hydration effects and possibly activation of indigenous lipoxygenase (Dreese and Hoseney, 1982; Sosulski and Wu, 1988; Lai et al., 1989a,b; Nelles et al., 1998) . In a separate trial, the effects of presoaking the bran in its own weight of water on the optimum work input and water absorption level and on the baked loaf volume were investigated. Presoaking for 4 or 6 hours increased optimum work input and water absorption compared with untreated bran, and improved loaf volume and texture, in general agreement with the work referenced above. However, in order to magnify the effects of bran on baked loaves, presoaking of the bran was not used in the other trials described in this paper. For the same reason, the dough formulations with bran were not supplemented with vital wheat gluten, as is sometimes practised to offset the dilution effect of the bran (Pomeranz, 1977; Dubois, 1978; Shogren et al., 1981; Lai et al., 1989c; Gan et al., 1989 Gan et al., , 1992 .
Results and Discussion
Sampling protocol
The manner in which samples for DDD measurements are taken from doughs greatly influences the density profile obtained. In particular, it is easy through sampling to introduce points of weakness in the surface of the dough sample from which gas preferentially and unrepresentatively escapes, giving a characteristic "hiccup" in the density profile that indicates a sudden loss of gas. The frequency of the occurrence of these points of weakness and the resulting hiccups is random, with certain dough formulations or preparation conditions increasing the likelihood that a point of weakness will occur. Thus, Sampling Protocol 1, in which samples were cut from the dough with a sharp razor, was prone to these random points of weakness, such that results using this sampling protocol were variable and unreliable. This approach also gave wide variations in the weights of samples obtained; widely varying sample sizes could affect the relative rates of mass transfer of CO 2 into bubbles and from the surface of the dough, so it is desirable to minimise sample weight variation. This method of sampling is adequate for measuring the density of (yeasted or unyeasted) doughs immediately ex-mixer, but is not suitable for obtaining samples that will subsequently be allowed to expand to their maximum capacity in the DDD system. The remaining three sampling protocols investigated were designed to alleviate or eliminate these points of weakness. Protocol 2, rolling a 10 g sample into a cylinder, removing a 5 g sample from the centre of the cylinder and rerolling the sample, tended to eliminate the hiccups but gave a very stable sample, giving rise to concerns that the rolling process itself was developing the dough rheology to an extent that could mask inherent responses to experimental variables. Protocol 3 gave relatively uniform sample weights, improving the reproducibility of the technique by avoiding large differences in surface:volume ratio, and the gentle swirling procedure strengthened the surface of the dough piece such that random points of weakness were largely eliminated. Protocol 4, in which the sample was obtained after a rest period, gave a very stable sample that took an excessively long time to reach the minimum density. In all cases the time required to retrieve the sample and begin monitoring its density could affect the results, due to cooling and possibly drying of the samples, so it is desirable to minimise this time and to keep it as consistent as possible. On the basis of these trials, Protocol 3, removing a sample from a gently sheeted dough using a circular cookie cutter and gently swirling the sample in a spherical flask, was adopted for the rest of the work reported here; this technique gave samples with weights generally in the range 4-5 g and with a low variation. Figure 1 illustrates typical density profiles obtained from the four sampling techniques, using a lean dough formulation with no added emulsifier (WRIfat). The different starting times of the density profiles reflect the relative times required to retrieve samples using the different protocols. In this case the dough was unstable, and sampling Protocols 1, 2 and 3 demonstrated this instability 
Accuracy and reproducibility
The minimum density achieved, ρ min, was taken as indicative of the maximum expansion capacity of a dough. Figure 2 shows the minimum density obtained from duplicate doughs mixed in the MDD125 in a random order to different work inputs. (N.B. The scale in this and similar graphs has been kept consistent to aid comparison. Error bars are in all cases ±1 standard deviation; where not shown, they are smaller than the symbols used on the graph.) Clearly the reproducibility of the technique was good, and the technique was able to distinguish the effect of a processing variable (work input) on expansion capacity. A pooled standard deviation was calculated from these data to be 0.0014 g cm . The optimum work input for this dough, based on torque profile during mixing, was determined to be 12.4 Wh kg
, which did not correspond with the work input that produced the minimum density. Loaves were not baked in this work (as its purpose was solely to evaluate the accuracy and reproducibility of the DDD technique), but it would have been interesting to see how work input and minimum density correlated with baked loaf volume and texture.
The minimum density obtained from duplicate doughs mixed with 3, 4.5 and 6% yeast showed no significant difference (P=0.29). Treating the six data points as replicates gave a standard deviation of 0.0080 g cm , somewhat larger than from the previous trials. Using double the standard yeast quantity caused the minimum density to be reached after about 40 minutes, compared with 52 minutes at 4.5% and 101 minutes with just 3% yeast; the effect of yeast level on the time appeared not to be directly inversely proportional. A 40 minute run time plus sample preparation time was sufficiently practical to allow a reasonable number of trials to be performed within a day, particularly with two density meters available. Figure 3(a) shows the density profiles obtained from the two density meters for doughs containing 0, 7.5 and 15% bran. Clearly the profiles from the two systems were comparable, as indicated also by the minimum densities shown in Figure 3(b) , from which the pooled standard , intermediate between the two values reported above. The inclusion of bran appears to increase the variability between replicate results. Figure 3 (b) also suggests that adding 7.5% bran had little effect on the minimum density achieved, while adding 15% bran increased the minimum density, implying a decreased degree of expansion. Figure 3(a) reveals the reason for this; in both samples containing 15% bran, gas retention was suddenly lost after about 26 minutes. This is an example of a hiccup as described above, which was not seen so clearly in the subsequent trials described below. This illustrates that the occurrence of the points of weakness that give rise to these hiccups is a probabilistic event in which the dough formulation affects the probability that such a weakness will occur. In the case of doughs containing 15% bran, the physical presence of the large and mechanically rigid bran particles puncturing gas bubbles and the sample surface and interfering with the gluten network increases the likelihood of retaining points of weakness, despite using the swirling procedure of sampling protocol 3. The doughs with bran were stickier, in agreement with reports from other workers (Lai et al., 1989a) , making it more difficult to avoid creating these points of weakness during sampling.
Effects of mixer scale and bran level
Further trials were carried out in which the minimum dough density and baked loaf volume were measured, in duplicate, for doughs containing 0, 7.5 and 15% bran, and mixed in three scales of geometrically similar laboratory mixer, the MDD10, MDD50 and MDD125. The water absorption for doughs without bran was 61.8%, increasing to 64.8% with 7.5% bran and 69.6% with 15% bran, while the optimum work input decreased correspondingly from 12.1 to 10.7 and 10.9 Wh kg −1 . Figure 4 shows the loaf volumes, weights and specific loaf volumes obtained at each bran level for each of the three mixers. Clearly the addition of bran increased loaf weights; the extra water added during mixing was retained in the loaves, in agreement with previous work (Dreese and Hoseney, 1982; Rao and Rao, 1991) . Loaf volumes and specific loaf volumes decreased as bran was added, in agreement with most previous work (Shetlar and Lyman, 1944; Pomeranz et al., 1977; Pomeranz, 1977; Dubois, 1978; Shogren et al., 1981; Dreese and Hoseney, 1982; Lai et al., 1989a-c; Gan et al., 1989 Gan et al., , 1992 Zhang and Moore, 1999; Nelles et al., 1998; de Kock et al., 1999) . Specific loaf volumes were smaller for loaves from doughs prepared in the smaller scales of mixer, probably because the relatively larger surface area allowed greater losses of gases during the early stages of baking, prior to heat-setting of the loaf structure, and hence gave lower oven spring. Table 1 presents the texture, volume and baking scores, which were clearly depressed by the addition of bran, but were generally comparable for the loaves from the two larger scales of mixer. The results also confirmed that the MDD10 system is capable of producing acceptable loaves from dough formulations containing bran. Figure 5 shows cross sections of loaves from each of the three mixers at each level of bran substitution. Figure 6 shows the minimum densities obtained for each bran level and mixer, averaged over the two replicates. The pooled standard deviation was calculated to be 0.014 g cm −3 , somewhat larger than obtained previously, primarily due to an unrepresentatively large discrepancy between the two replicates from the MDD50 at 7.5% bran; other replicate data points from the two density meters agreed much more closely. Excluding these two data points gave a standard deviation of 0.0086 g cm , more in line with previous estimates; however, the former value has been used to indicate error bars on the figure. Two-way ANOVA indicated that bran level had a significant effect on the minimum density (P<0.04), but mixer scale did not (P=0.16) (despite the, evidently insignificantly, larger values of minimum density obtained from the MDD50 with bran). Inspection of the data suggests that adding 7.5% bran had little effect on the minimum density obtained, but that adding 15% bran significantly reduced the expansion capacity of the dough during proving, in agreement with the preliminary results reported above. However these results do not correlate directly with the baking results, which indicated a decrease in loaf volume at 7.5% bran and a further decrease at 15%. corresponding to the minimum density (=1/ρ min ); the former are higher, due to oven spring, and display a much wider range, indicating that much of the effect of bran and mixer scale is manifest during baking. The action of bran in depressing loaf volumes is multi-faceted, with numerous contributing factors. The results presented here indicate that at least part of the effect, particularly at higher bran levels, occurs during proving. Most workers investigating the effects of bran on bread have only measured final baked loaf volumes, and have not distinguished effects of bran at the proving stage of breadmaking. Dreese and Hoseney (1982) presented evidence that the effect of bran in depressing loaf volumes occurred during baking; the current work supports this suggestion, but also indicates that at high levels the effect of bran is in part evident during proving. The precise nature of the effect of bran on gas retention during proving will be the subject of further studies, with a view to alleviating the deleterious effects of bran on bread quality.
The work presented here also indicates the potential of the DDD technique for exploring the actions and efficacy of various bakery ingredients, in particular those that manifest their effects during proving. The DDD approach is similar in some ways to some commercial instruments such as the Chopin Rheofermentometer, but is quicker than this instrument and yields results that are more readily interpretable in terms of gas bubble dynamics and mass transfer of CO 2 during proving (Chiotellis and Campbell, 2003a,b) .
Conclusions
The DDD technique can accurately determine the maximum expansion capacity of a dough during proving, which relates to the volume of the final baked loaf. It is potentially a rapid test of ingredient functionality and the effects of dough formulation and process variables. The effect of bran in breadmaking is at least in part evident during proving, with high levels of bran compromising the gas retention capacity of the dough. The three scales of the laboratory dough mixer design used give doughs with comparable maximum expansion capacities during proving, although differences in specific loaf volume become evident during baking. 
